Abstract-In this paper, we study a multi-user multi-relay interference-channel network, where energy-constrained relays harvest energy from sources' radio frequency (RF) signals and use the harvested energy to forward the information to destinations. We adopt the interference alignment (IA) technique to address the issue of interference, and propose a novel transmission scheme with the IA at sources and the power splitting (PS) at relays. A distributed and iterative algorithm to obtain the optimal PS ratios is further proposed, aiming at maximizing the sum rate of the network. The analysis is then validated by simulation results. Our results show that the proposed scheme with the optimal design significantly improves the performance of the network.
I. INTRODUCTION
Energy harvesting has been envisioned as a promising technique to provide perpetual power supplies and prolong the lifetime of energy-constrained wireless networks, since wireline charging and battery replacement are not always feasible or unhazardous. In particular, simultaneous wireless information and power transfer (SWIPT) has drawn a significant amount of attention with its advantage of transporting both energy and information at the same time through radio frequency signals.
The concept of SWIPT was first put forward by Varshney in his pioneer work [1] , in which he investigated the tradeoff between information delivery and energy transfer. Recently developed practical receiver designs for SWIPT include power splitting (PS) and time switching (TS) [2] . For TS, the receiver switches over time between information decoding and energy harvesting. Differently, the receiver with PS splits the received signal power between information decoding and energy harvesting. It has been shown that the TS is theoretically a special case of the PS with binary PS ratios. Thus, the PS usually outperforms the TS in terms of the rate-energy tradeoffs. With the in-depth study on SWIPT, the research problem of how to combine SWIPT with other key technologies has gained much attention [3] . For the combination of the SWIPT and relays, both single-relay and multi-relay networks have been considered to acquire the efficient SWIPT scheme in [4] . In addition, the interference channel (IC) has been taken into account for the SWIPT with relays in, e.g., [5] and [6] . The authors in [5] analyzed the outage performance for SWIPT both with and without relay coordination in multi-user IC networks. In [6] , the SWIPT with relays in IC networks was studied from a game-theoretic perspective. However, none of the aforementioned studies has directly addressed the issue Fig. 1 . Illustration of multi-user multi-relay interference MIMO network.
of interference for SWIPT with relays in IC networks. In practice, interference alignment (IA) is recognized as an efficient technique to address the issue of interference for wireless transmissions [7] . With the IA, the interferences are aligned into certain subspaces of the effective channel to the receiver, and the desired signals are aligned into interferencefree subspaces [8] . Without the consideration of relays, the authors in [9] studied the antenna selection with IA for the SWIPT in the IC network. While to the best of authors' knowledge, few work has been investigated in the literature on SWIPT with the IA in multiple AF (amplify and forward) relay networks.
In this paper, we study an IC network where multiple sources transmit messages to multiple users through multiple AF relays, where the energy-constrained relays harvest energy from the RF signals and use that harvested energy to forward the information to destinations. We further propose a distributed and iterative algorithm to obtain the optimal PS ratios at relays that maximize the sum rate of the network. Our results show that the proposed scheme effectively improves the performance of the network, and it significantly outperforms benchmark schemes.
II. SYSTEM MODEL
We consider a × × dual-hop IC network consisting of sources, relays, and destinations, as shown in Figure 1 . Each source intends to transmit messages to its respective destination with the help of its dedicated AF relay , ∈ {1, ⋅ ⋅ ⋅ , }. We assume that there are no direct links between the sources and the destinations. The numbers 978-1-5090-5935-5/17/$31.00 ©2017 IEEE of antennas at each source, relay, and destination are denoted by , , and , respectively. The sets of sources, relays and destinations are denoted by , , and , respectively. In addition, the set of all source-relay-destination ( --) links, → → , = 1, ⋅ ⋅ ⋅ , is denoted by .
We adopt the quasi-static block Rayleigh fading model and assume that all channels are independent of each other. The × normalized channel matrix from to is denoted by H , and the × normalized channel matrix from to is denoted by G , , ∈ {1, ⋅ ⋅ ⋅ , }. We assume that each node has the local channel state information (CSI) to enable the distributed IA. Moreover, the distance between and is denoted by , and the distance between and is denoted by . The correspondingly path-loss effects are modelled by − and − , respectively, where ≥ 2 denotes the path-loss exponent [10] . Half-duplex relays are considered in this work, and the two hop transmissions operate in two time slots. In the first slot, the sources simultaneously transmit the information and energy to the relays. In the second slot, the relays forward the received information to the destinations by the harvested power in the first slot. We assume that the wireless power transfer is the only energy access for the relays. Besides, every time slot is assumed to be unit interval for simplicity.
III. INTERFERENCE ALIGNMENT WITH POWER-SPLITTING RELAYS

A. IA Between Sources and Relays
In the first time slot, the IA is employed for the transmissions from sources to relays. That is, all interference signals from unintended sources are aligned into certain interference subspaces at any relay . As per the mechanism of IA, the following conditions should be satisfied to have the perfect IA:
where V ∈ ℂ × denotes the unitary precoding matrix at , U ∈ ℂ × denotes the unitary decoding matrix at , and denotes the number of data streams from . Here, the perfect IA means that the interferences are aligned into the null space of the effective channel to the relay and can be eliminated completely. We can interpret (1) as the condition of having the interference-free space of the desired dimensions, and (2) and (3) as the conditions that the desired signal is visible and resolvable within the interference-free space [11] , [12] . When the number of links is larger than 3, i.e., > 3, the closed-form expressions for the precoding and decoding matrixes cannot be obtained. Hence, we use the channel reciprocity characteristic with the distributed and iterative IA to determine the IA matrices in this work.
The received signal at (without multiplexing the decoding matrix U ) in the first time slot is given by
where denotes the transmit power at , ∈ ℂ ×1 denotes the normalized desired signal for with {|| || 2 } = 1, and denotes the additive white Gaussian noise (AWGN) at the receiver antennas of .
B. PS Relays
In this work, the PS scheme is adopted at the relays for the SWIPT. The block diagram of the receiver at the relay is shown in Figure 2 . For the received signal at , a fraction 0 ≤ ≤ 1 of the power is used for information processing and forwarding, and the remaining fraction 1− of the power is used for energy harvesting. We refer to as the PS ratio at . We assume that the processing power required by the transmit/receive circuits at the relay is negligible compared with the power used for signal transmission [10] . Then, the signals received by the energy-harvesting unit at is
and the harvested energy at is given by
where denotes the energy conversion efficiency. Note that the harvested energy due to the noise is very small and thus ignored.
At the information processing unit of , the decoding matrix U is multiplexed to the received signal to eliminate the interferences. The processed signals at the information processing unit of is then given by
where ∼ (0, 2 I ) denotes the AWGN introduced by the information processing unit at the relay. In practice, the power of antenna noise is usually much smaller than the processing noise, and hence, the antenna noise has negligible impact on the signal processing and the antenna noise is ignored for simplicity in the rest of analysis in the paper [2] .
C. AF Signals to Destinations
In the second time slot, the relays amplify and forward the processed signals to destinations by the harvested energy in the first time slot. Since the utilization of IA for the second hop would significantly increase the system overhead and the energy consumption at the energy-constrained relays, the IA is not adopted for the second-hop transmission. The transmitted signal at in the second time slot is then given by
where denotes the transmit power of and denotes the power normalization coefficient at . The received signal at is given by
where
In order to simplify the expression, we define
and the effective channel matrixH = U H V . In addition, we assume that 2 = 2 = 2 for any ∈ {1, ⋅ ⋅ ⋅ , }, without loss of generality [6] . The signal to interference plus noise power ratio (SINR) at , denoted by ( ) is then given by (12) as shown at the top of this page, where
denotes the vector of all relays' PS ratios. Finally, the rate of the transmission to is given by 1 2 log 2 (1 + ( )), where denotes the frequency bandwidth and 1/2 is due to the use of two time slots.
IV. OPTIMIZATION OF POWER SPLITTING RATIO
A. Problem Formulation
We note that the PS ratio plays a pivotal in determining the network performance. Thus, we optimize the design of in this section. The objective of our design here is to determine a series of PS ratios, 1 , ⋅ ⋅ ⋅ , , to maximize the total transmission rate of the network. The sum-rate maximization problem is formulated as: We find that the optimization problem in (13) is not convex, and the closed-form solution of the globally optimal cannot be obtained. Thus, we develop a distributed and iterative scheme, such that each decides its own PS strategies aiming at maximizing the individual achievable transmission rate through the th link, i.e., → → , and the global optimal that maximizes the sum rate of all links can be then obtained iteratively by the cooperation between the relays.
B. Optimal Design
We first determine the optimal at that maximizes the received SINR at for any given¯. The problem is formulated as:
We find that | =0 = 0 and | =1 = 0, and hence, (¯, ) is not a monotonous function of in the range of [0, 1]. We will later show the uniqueness of the extreme value point of (¯, ) for 0 ≤ ≤ 1, and verify that the extreme point is the optimal PS ratio maximizing the SINR.
Let the first-order derivative of (¯, ) with respect to be equal to zero and the detailed expressions are omitted for the limit pages. We find that 1) th PS ratio ( + 1) is then acquired by using Newton iteration method with the knowledge of { 1 ( + 1), 2 ( + 1), ⋅ ⋅ ⋅ , −1 ( + 1), +1 ( ), ⋅ ⋅ ⋅ , ( )}. We define a parameter to evaluate whether the algorithm is convergent or not. The iteration converges if and only if the condition of
In what follows, we determine the wise iterative initial values to reduce the number of the iterations to find the optimal . To this end, we obtain the optimal PS ratios under the asymptotic scenario of high SNR, which in fact serve as the wise initial values of our iterative algorithm under general scenarios. We note that (12) can be simplified when the received SINRs at relays are high, i.e., ≫ 2 and ≫ 2 . The second item and the third item of the denominator of (¯, ) approximate to zero under the high SINR consideration. Then, (¯, ) can be rewritten as
Then we can easily get the first-order derivative of˜(¯, ) with respect to . We find that˜(¯, (20) is equal to zero. In addition, we need to solve the following equation to acquire the initial PS ratios.
it is always true that > 0. Note that the solution of (21) is uncorrelated with¯. Hence, each can be calculated independently. We further find that (21) has two real roots, since Δ = 4 2 ( 2 + ) > 0. Moreover, according to the curve of the function as depicted in Figure 3 , the solution of = −2 2 − √ Δ 2 < 0 should be abandoned, and the optimal PS ratio under the high SINR condition is given by =
Therefore, the initial PS ratio for the th link of our iterative algorithm is given by Different from the system of linear equations, it is difficult to provide a convergence condition for our proposed iterative algorithm. However, it can be found that ( + 1) is the only root of equation (¯, ). Thus, the result of every iteration increases the objective function, i.e., ( ( + 1)) > ( ( )). Considering the monotonic increase of the objective function and the fact that the maximum achievable is finite, the proposed algorithm converges to a certain point, at which the iteration stops. The detailed steps of the proposed algorithm are given in Table I .
V. NUMERICAL RESULTS
In this section, we show the performance of the proposed scheme by simulations. Unless otherwise stated, we set the distance between each source and its dedicated relay = 1, the distance between each relay and its respective destination = 1, the path-loss exponent = 3, the energy conversion efficiency = 0.5, the variance of AWGN at receivers 2 = 0.01, and the convergency criteria = 10 −3 . We randomly generate 10,000 channel realizations to obtain the average sum rate of the network. We first demonstrate the convergence speed of the proposed iterative algorithm. Figure 4 plots the obtained PS ratio versus the iteration number for different initial values. As shown in the figure, the algorithm always converges to the same value of the PS ratio, i.e., the optimal PS ratio, for any given initial values. Comparing the results for different initial points, we find that our proposed initialized PS scheme outperforms all other schemes, in terms of the use of iterations to obtain the optimal PS ratio.
We now present the performance comparison between our proposed scheme and benchmark schemes. We consider three benchmark schemes, which are the transmission with randomly select PS ratios, the transmission with fixed PS ratios of = 0.5, and the transmission scheme without the IA as proposed in [6] . Figures 5 and 6 plot the average sum rate versus the transmit power at the source and the number of links, respectively. As shown in both figures, our proposed scheme always significantly outperforms all benchmark schemes. We note that the benchmark scheme without the IA always has the worst performance, which implies that the introduction of the IA improves the network performance even if the PS ratios are not optimally designed.
We next discuss the impact of the transmit power at the source on the performance of the network. As depicted in Figure 5 , the average sum rate increases as the transmit power increases. From all curves, we note that the speed of the increase of sum rate decreases as the transmit power increases, and it becomes very slow when the transmit power is high. Such an observation can be explained as follows. In this work, we have not employed the IA for the second hop due to the practical consideration of the system overhead and the high energy consumption at relays. Then, the increase of transmit power at relays may harm the network performance due to the interference. Thus, the relays actually cannot always increase the transmit power for the second hop, even if the harvested energy increases. Furthermore, we find that the performance gap between our proposed scheme and the other benchmark schemes increases as the transmit power at the source increases. This is because that the proposed scheme wisely takes advantage of the increase of the available energy resource at sources by the IA and the PS design, while the other schemes cannot take fully advantage of the increase of resource due to lack of either interference management or the PS design.
Finally, we evaluate the impact of the number of links on the performance of the network. As illustrated in Figure 6 , as the number of links increases, the sum rate of the network increases first until achieving a peak value, and then decreases.When the number of links is small, the increase of the number of links can significantly increase the multiplexing gain of the network with the relatively small interference. When the number of links becomes large, further increasing the number of links would make the interference issue become serious, as the IA has not been employed at the relays for the second-hop transmission in the proposed scheme. From the discussions of Figures 5 and 6 , we note that adopting the IA at the second hop has a considerable potential to further improve the performance of the network. However, as mentioned previously, the employment of the IA at relays would considerably increase the system overhead and the energy consumption of the energy-constrained relays. Thus, it is not always feasible to employ the IA at the wireless-powered relays in practice.
VI. CONCLUSION
In this paper, we have introduced a novel transmission scheme for multi-user multi-relay IC networks, where the IA is employed at the sources and the PS is designed at the AF relays. We have proposed a distributed and iterative algorithm to determine the optimal PS ratios that maximize the sum rate of the network. In order to reduce the number of iterations to obtain the optimal PS ratios, we have further derived the closed-form expressions for the optimal PS ratios under the high SNR condition, which serve as the initial values of the iteration for the proposed algorithm. Our results have shown that the proposed scheme significantly outperforms the benchmark schemes to improve the network performance.
